SPR sensor with matrix arrangement of nanostructured golden spots enables both the study of low concentrations of substances in solution and the acquisition of information on the spatial layout of the diagnosed medium in solution. The linear response of this sensor was experimentally specified for standard solutions of alcohols in a concentration range of 0.01 -0.5 wt%. The influence of signal noise generated by carrier substance flowing through sensing dots has been removed by data processing. This approach enables to determine refractive index changes less than 3 × 10 −6 .
Introduction
A method of excitation of surface plasmons (Surface Plasmon Resonance-SPR) is one of the modern optical methods. In recent decades, advantages of this method have been used in the measurement of solid and liquid substances and in the study of various surfaces, thin layers and physical phenomena in them. SPR sensitivity to small changes in refractive index (up to 10 −5
) [1] is extraordinarily useful, especially in sensor applications, above all for very sensitive detectors of various substances in chemistry and biology (for instance, for the study of chemical reactions kinetics) [2] .
The physical phenomenon of excitation of surface plasmons was observed by Wood [3] [4] already in the year 1902. It was Rayleigh [5] who began to study its physical nature; Fano [6] , who explained it by means of excitation of electromagnetic surface waves, contributed significantly to the understanding of the phenomenon. The phenomenon was clarified completely by Otto [7] as late as the year 1968, and in the same year, Kretschmann and Raether [8] [9] described two different experimental configurations suitable for surface plasmon excitation. Since the end of the seventies of the last century, SPR has been used in the study of thin layers and phenomena at a metal-dielectric interface. Moreover, in the early eighties of the last century, this method began to be employed in biosensor design; at present, SPR-based sensors are widely used for the rapid identification of many biologically active substances, such as proteins, DNA, drugs, poisons, etc. [10] [11] . What seems to be a promise is the use of SPR in the area of thin layers and magneto-optical phenomena in them [12] .
Surface plasmons as collective excitations of electrons bound to a conductor-insulator interface are considered [13] . The electromagnetic wave incident upon a medium containing a sufficient quantity of free charges, e.g. of electrons in metals (gold most frequently), reflects partially from this layer and penetrates partially into the medium below the conducting layer. The passed wave has the maximum intensity in the plane of the interface and its intensity decreases exponentially with perpendicular distance from the interface (designated as evanescent wave). Surface plasmons can be generated experimentally in a planar multilayer or grating structures. Under certain conditions, this wave can excite oscillations of free charges in this region.
Electromagnetic wave propagation in a metal is possible merely for frequencies lower than the plasmon frequency of the given metal [12] . For excitation of plasmon oscillations, polarized light (p-polarization) has to be used and the condition of equality of wave vectors of incident radiation and plasmon in the plane of metal-dielectric interface must be satisfied. Because the wave vector of light in air (vacuum) is smaller than the minimum critical wavelength necessary for the excitation of plasmons in the metal, plasmons cannot be excited by light incident directly from air.
For the excitation of surface plasmons, coupling prisms (Otto, Kretchmann-Raether configuration) or a periodic grating (see Figure 1 ) are used. In the first two variants, a gold layer is used most frequently.
At absolute reflection at the interface between an optically dense medium and an optically less dense medium, a surface (evanescent) wave can be excited by the origin of plasmons on the metal surface (Otto configuration, Figure 1(a) ) or directly in a thin metal film by the excitation of electrons (Kretschmann-Raether configuration, Figure 1(b) ). If a conducting layer is sufficiently thin (order of several ten nm), surface plasmons can be excited at the farther interface of this layer (in the direction of incidence of the light wave in relation to the place of incidence). On the grating having the periodicity comparable to the wave length of the incident beam, diffraction occurs at the interface. As a result of interference, reflection and transmission modes and evanescence modes spreading along the interface are produced. The originated modes can excite surface plasmons (Figure 1) .
The optimization of optical response of SPR sensors requires the tuning of two basic parameter sets, namely, optimization of sensor geometry and optimization of structural material selection [14] . For instance, in a paper [15] , the authors achieve improvement in the response of the SPR structure by adding a dielectric nanolayer to the thin metallic layer. The same effect was obtained by the lamellar grating [16] . Especially in prism-coupled SPR systems at the interface between the coupling prism and the medium, in which the plasmon wave is excited, metal gratings with binary and cosine profiles are inserted [17] . Also geometrically more complex structures, e.g. so-called T-shaped and ⊥-shaped lamellae [18] , periodically arranged nanowires [19] and effective medium ap- proximation [20] , have been applied. The motivation of this paper is response limits determination of SPR sensors with matrix arrangement of nanostructured golden spots used for the specification of low alcohol concentration and the possibility to increase this sensitivity by data processing.
Experimental Arrangement
Surface plasmons are collective oscillations of noble metal electron gas, propagating along a metal and a dielectric interface. The excitation condition of the surface plasmon resonance (SPR) is very sensitive to changes of refractive index (the order of 10 −5 -10
) of the dielectric medium. A rise of SP wave results in reflection response from optical system as a dip in wavelength or angular spectrum of reflected beam. Thus, the location, shape, depth or shift of this minimum can serve as detection phenomena used in a sensing device.
For testing of alcohols concentration measurement, an instrument SPRi-Lab+™ from the company JY-Horiba (Genoptics-Horiba Scientific, Orsay, France) was used. The device is based on the reflectivity measurement of monochromatic p-polarized incident light (635 nm) at the fixed angle of incidence. This makes it possible to obtain very rapidly a sensogram (reflectivity change depending on time). During experiment, the Kretschmann configuration is applied.
In the experiment the SPRi instrument was also used for the observation of influence of alcohol concentration response. A chip with only a gold layer was applied. The used carrier liquid was demineralized water. To this carried liquid, individual measured samples of diagnosed substances were added by means of a 200 µl loop. Measurements were carried out at a temperature of 20˚C. The temperature was maintained by means of a Thorlabs controller. For transporting the liquid, a peristaltic pump (Minipuls 3M312, Gilson) was used; the flow rate of the liquid was set at 50 µl/min.
Measurements
The measurements were carried out on ten samples of solutions in the following order: glycerol, ethanol, isopropanol, isobutanol, n-butanol, methanol, n-hexanol, ethylene glycol, secondary butanol and tertiary butanol. Each sample was measured five times under the same conditions. Based on this repetition, an estimate of uncertainty was calculated. The concentrations of the tested samples were selected as follows (in grams of substance per 100 grams of solution, in wt per cent): 0.5; 0.2; 0.1; 0.075; 0.05; 0.025; 0.01 (injection of the tested substance to the measuring cell). Appropriate quantities of alcohol were weighted on an analytical balance (ADAM from Schoeller) with responsibility of 0.000 1 g. Solutions were formed by demineralized water and appropriate p.a. quality alcohol.
The experiments have been realized at the optimum angle of incidence on the prism. A specifically measured sensogram is given in Figure 2 . At the beginning, calibration was done, and then appropriate measurements were realized. During the experiments the software supplied by Genoptics-Horiba Scientific was applied. MS Excel and Matlab programs were used for processing.
Results
Experimental results for glycerine are illustrated in Figure 2 . The response peaks in reflectivity related to different glycerine concentration are modulated by practically linear reflectivity-time dependence created by carrier substance influence. Experimental data were signal-processed to remove the influence of the carrier substance flowing through (final effect is shown in Figure 3) . At the beginning, there is a region of process stabilization. The graph in Figure 4 documents the linear dependence of signal response on concentration for measured samples. Obtained results for the whole set of tested substances are summarised in Table 1 .
Conclusions
The linear response of the SPR detector was specified on standard solutions of alcohols in a concentration range of 0.01 -0.5 wt%. The relevant slope of this line depends on the number of carbons and the structure of alcohol and on the refractive index of the liquid. Of tested substances, the smallest line slope was obtained for methanol; on the contrary, the used method proved to be the most sensitive in the case of hexanol (roughly one order difference). From Figure 2 , the experimental setup used by us reacts unambiguously to a glycerine concentration . This value is in accordance with the data published for the design of serial and parallel sensors based on SPR for the analysis of liquid substances [12] . It appears that a matrix arrangement of thin layer areas plated with gold on a nanoscale as an SPR sensor enables both the study of low concentrations of substances in solution and the acquisition of information on the spatial layout of the diagnosed medium in solution. The mentioned geometry of the SPR sensor is a way towards the increased sensitivity of measurement equipment based on plasmon waves for the study of alcohols' concentration in the given solution.
The SPR method is used for the detection and identification of the given alcohol in solution and for its quantification thanks to linear response dependence on concentration. A disadvantage is the need to know the kind of the alcohol that is tested in the carrier liquid. We try to remove this disadvantage by using of ATR method (FTIR-Fourier Transform Infrared Spectroscopy). We believe that we shall be able not only to determine low alcohol concentrations but also to identify the kind of alcohol.
